The loss or decline of vertebrate frugivores can limit the regeneration of plants that depend on them. However, empirical evidence is showing that this is still very scarce, as functionally equivalent species may contribute to maintain the mutualistic interaction. Here, we investigated the long-term consequences of the extinction of frugivorous lizards on the population persistence of a Mediterranean relict shrub Cneorum tricoccon (Cneoraceae). We examined the demographic parameters among 26 insular and mainland populations, which encompass the entire plant distributional range, comparing populations with lizards with those in which these are extinct, but in which alien mammals currently act as seed dispersers. Plant recruitment was found to be higher on island populations with lizards than on those with mammals, and the longterm effects of the native disperser's loss were found in all vital phases of plant regeneration. The study thus gives evidence of the cascading effects of human-induced changes in ecosystems, showing how the disruption of native ecological processes can lead to species regression and, in the long term, even to local extinctions.
INTRODUCTION
The loss or decline of vertebrate frugivores occurring at a global scale can have important negative consequences for plants that depend totally or partially on them for their regeneration [1, 2] . Seed dispersal disruptions are indeed increasingly being reported from different ecosystems, especially from islands [3, 4] . However, few studies yet provide empirical evidence of the long-term costs of such disruptions. Specifically, seed dispersal disruptions may lead to the loss of genetic variability due to genetic drift, decreased fitness and reduced potential to adapt to changing environments; such genetic effects have yet been poorly investigated [5] . Likewise, the long-term demographic effects of the loss of vertebrate dispersal agents for the insular plants that depend upon them are very poorly known [6] . Changes in plant regeneration after a seed dispersal disruption may not become evident for a long time, especially for long-lived species, or may even go unnoticed, as functionally equivalent frugivorous species (either native or alien) may contribute to maintain the mutualistic interaction [7, 8] .
Among the different causes of mutualistic disruptions, the introduction of alien species is frequently reported [3, 9, 10] . In many islands of the world, there have been a great number of plant and animal introductions since the arrival of man to them, with detrimental consequences for the native biota. In particular, the introduction of vertebrates has had the most harmful impacts, leading to species extinctions (mainly animals) [11] .
Well-known cases include the introduction of snakes in Guam island, which dramatically reduced bird numbers, some of which had an important role as pollinators and dispersers [12] , and the introduction around 1870 of mammalian predators in the North Island of New Zealand [13] , which also caused the extirpation of some bird species and in turn hampered ecosystem services such as pollination [14] , and possibly seed dispersal as well [15] .
A particular type of plant-animal interaction mainly described from islands [16] and threatened by invasive species [3] is seed dispersal by lizards (saurochory). Studies examining the tightness of plant-lizard mutualisms are rare [17] , and thus, for most systems, we do not have the information needed to predict the implications of the disruption in such interactions.
In the Balearic Archipelago, inhabited by humans since around 2000 BC [18] , the introduction of carnivores such as weasels (Mustela nivalis), pine martens (Martes martes), genets (Genetta genetta) and cats (Felis catus), possibly added to the effect of introduced snakes, led to the extinction of endemic lacertid lizards of the genus Podarcis in the two largest islands, Mallorca and Menorca, and also has reduced lizard densities in the other insular populations [19, 20] . These lizards are important pollinators and seed dispersers of a variety of plants [21] , and have established close relationships with some species, especially consuming their fruits and dispersing the seeds to suitable sites for germination and growth. In turn, some of the alien carnivores-such as pine martens and genets-eat fleshy fruits and act as seed dispersers, although their seed dispersal service is likely to differ from that provided by lizards, possibly affecting plant regeneration [22] .
One of the plant species known to have a tight mutualism with lizards and currently dispersed also by alien mammals is C. tricoccon L. (Cneoraceae), a shrub distributed in the western Mediterranean Basin [23] . In this study, we evaluate the consequences of lizard extinction for plant population regeneration and assess to what extent alien mammals can replace their seed dispersal function. For this, we investigate the regeneration status of extant populations across the entire distributional range of the species. Specifically, we compare different demographic parameters across populations with lizards with those in which they are no longer present (but in which alien mammals act as seed dispersers), hypothesizing that plant regeneration will be higher in the former.
MATERIAL AND METHODS
(a) Study species Cneorum tricoccon L. (Cneoraceae) is a perennial shrub, approximately 1 m tall, although some individuals can reach up to 2 m (see the electronic supplementary material, figure  S1 ). The species represents a relict species of the flora that evolved during the early Tertiary under tropical conditions [24, 25] . The fruit consists of three or (more rarely) four cocci (locules of a syncarpous ovary). Mature fruits, red coloured, are seen from about mid-March to mid-June, although the ripening peak is usually in April. Each coccus is functionally a drupe that measures, on average (+ s.d.), 5.7 + 0.054 mm (n ¼ 315) in cross diameter and weighs 0.139 + 0.003 g (n ¼ 315). Fruits that are not consumed can remain on the plant for long periods, often more than a year; they either dry up or are infested by a fungus that turns them black. Although fruits of C. tricoccon are of the size and colour usually chosen by passerine birds, these animals do not consume them, probably owing to the high amount of secondary compounds (mainly tannins) in their pulp [22] .
In the Balearic Islands, seed dispersal of C. tricoccon is mostly mediated by endemic lacertid lizards: Podarcis lilfordi and Podarcis pityusensis [22] . Podarcis siculus inhabits Giannutri island [26] and is presumably its main seed disperser there (A. Traveset & A. Valido 2004 , personal observation). Introduced carnivorous mammals (such as Martes martes or Genetta genetta) are currently the main dispersers in the Balearic islands where lizards are extinct [22] .
In continental Spain, scats of stone martens (Martes foina) have been found containing intact seeds of C. tricoccon (J. Calvo 2003, unpublished data), suggesting that this carnivore acts as a legitimate disperser of this species. The ocellated lizard Timon lepidus (Lacertidae) also consumes the fruits of C. tricoccon in some localities in southern Spain (J. A. Hó dar 2002, personal communication) and we found a scat of an unidentified carnivore mammal with C. tricoccon seeds in it. Finally, C. tricoccon seeds have been occasionally observed outside ant nests, which suggests that these insects probably act as secondary dispersers [22] (J. Calvo 2003, unpublished data), and have also been occasionally found in gulls' regurgitates [27] . No data exist on seed dispersal of this plant in the other continental areas in which it is found (France and Italy). is most common, five in relict mainland localities (three in the Iberian Peninsula and two in France) and one in Giannutri Island (Tuscan Archipelago in Italy). Table S1 in the electronic supplementary material shows the list of all localities studied with their geographical coordinates, and the main climatic variables in each one. In all these sites, C. tricoccon usually inhabits coastal maquis or shrublands, dominated by species such as Pistacia lentiscus, Olea europea, Rhamnus alaternus, Cistus monspeliensis and Rosmarinus officinalis, usually in calcareous soils. In the Balearic Islands, the species has also colonized the interior of the larger islands, and it is often found in the understorey of oak forests (Quercus ilex L.) up to an altitude of around 1000 m a.s.l. [22] . See the electronic supplementary material for further details on the distribution of C. tricoccon in the Mediterranean Basin.
(c) Demographic parameters We gathered biometric data on all individuals in small populations (minimum n ¼ 16 individuals) and a maximum of 152 (haphazardly chosen) in large populations (hundreds of individuals). From each individual plant (n ¼ 2544), we recorded the maximum height (h), and the longest (D) and perpendicular (d ) canopy diameter, estimating from these its canopy volume as 2/3 p (h Â D/2 Â d/2). We also measured the trunk diameter of individuals, although in some cases this was not possible (in recently emerged seedlings or in individuals in which branching started below the ground). Height and canopy diameter measurements were made to the nearest cm, whereas trunk diameter was measured to the nearest 0.01 mm (using a digital calliper). Additional information such as the reproductive status and the fruit crop was also noted. For seedlings, we further recorded the microhabitat in which it was found (in open interspaces, under the parent plant, under shrubs or under trees). Sampling was carried out at the peak of the fruiting period of the plant (June-July) in all populations. In order to characterize the regeneration dynamics at the population level, we used three demographic parameters: the ratios of seedlings to adults, saplings to adults and juveniles to adults. They can be considered as relative measures of population natural regeneration: the larger the values, the higher the recruitment population rates. We considered as seedlings recently emerged individuals (i.e. less than 1 year old; mean height % 3 cm) as well as those with a trunk diameter less than 3 mm (mean height % 15 cm and mean diameter % 12 cm), which were probably 1 -3 years old. The rest of individuals were considered as established (saplings, juveniles and adults; n ¼ 1933), as the seedling stage is the most critical stage for recruitment of woody species in the Mediterranean ecosystem [28] . The categorization of each individual was made based on its trunk diameter, as the canopy volume is more susceptible to being shaped by environmental conditions (e.g. shade) and plant history (e.g. resprouted plants after serious disturbances). We were able to measure the trunk diameter in 92.8 per cent of established individuals (n ¼ 1933; see electronic supplementary material, figure S2) ; from the rest of the individuals (n ¼ 140), this variable was estimated by using linear regressions between log 10 canopy volume (obtained for all individuals) and log 10 trunk diameter, because both variables were highly correlated (all populations pooled: r 2 ¼ 0.68, p , 0.001, n ¼ 1793). We additionally performed separate regressions for each population as both the slope and the intercept may depend on local environmental factors; they were performed with 16-93 individuals per population and a high correlation was also observed in all of them (mean r 2 ¼ 0.72, range ¼ 0.54 -0.91; all p-values , 0.001).
Saplings were considered as such when the trunk diameter was less than 6.3 mm (log 10 trunk diameter less than 0.8); 36 per cent of individuals classified as saplings bore a few fruits (median ¼ 3). Juveniles had trunk diameter between 6.3 and 16.0 mm (log 10 trunk diameter: 0.8-1.2); 59 per cent of them bore a few fruits (median ¼ 8). Finally, plants were considered as adults when their trunk diameter was greater than 16.0 mm (log 10 trunk diameter greater than 1.2); 87 per cent of these plants bore fruit, with crops ranging from several dozen to a few hundred fruits (median ¼ 45).
(d) Climatic data
In order to know the effect of differential climatic conditions among populations that might account for differences in regeneration (and irrespective of the presence of the type of seed disperser), we obtained, for each population, the mean maximum temperature of the hottest month (t max ), mean minimum temperature of the coldest month (t min ) and annual precipitation (pp) from the nearest (less than 20 km) meteorological stations with enough data (range ¼ 15-30 years). We then calculated Emberger's [29] index of aridity (Q) as Q ¼ ð2000 Â ppÞ=ðt 2 max À t 2 min Þ. Values of Emberger's index were logarithmically transformed for statistical analyses because Q increases nonlinearly in more mesic habitats [30] . The resulting variable refers to -lnQ, being positively correlated with actual aridity and negatively correlated with primary productivity in arid and semi-arid areas [29] .
(e) Statistical analyses We performed two sets of analyses. The first included all sampled populations, and tested for differences in the three demographic parameters between islands and the mainland. The second set included only populations for which seed dispersers are well known (i.e. Balearic Islands; n ¼ 20), and tested for differences between lizard-dispersed populations and mammal-dispersed ones. In both sets of analyses, we used generalized linear models (GLMs), with the population type (i.e. 'island versus mainland' and 'lizard versus mammal') as the main fixed factor and the population identity nested within the type. A binomial distribution and logit link functions were used with seedlings, saplings or juveniles coded as '1', and adults as '0'. Analyses were performed with STATISTICA v. 6.
RESULTS
All demographic parameters analysed were highly variable among populations (all p-values , 0.001) for both sets of models (either including all populations or only Balearic ones; table 1; see also figure 2 and electronic supplementary material, figure S3 (ii)). Island populations showed a significant approximately 2.2-fold higher seedlings : adults ratio than mainland populations (table 1 and figure 2), although no significant differences existed in the other demographic parameters (p-values . 0.14). Remarkably, in the Balearics, the ratios were significantly higher in lizard-dispersed than in mammal-dispersed populations (table 1 and figure 2) , reflecting a lower recruitment and an older age structure in the latter. This was also supported by the finding of wider adult trunk diameters in mammal-dispersed populations (mean + s.e.: 27.1 + 1.0 mm) compared with lizard-dispersed ones (23.7 + 1.0 mm; x 2 1 ¼ 17:1, p , 0.001). The demographic parameters studied were neither significantly associated with the mean annual precipitation (pp) nor with aridity ( -lnQ), either pooling all populations in the correlation analysis or using only data from the Balearics (Spearman's r s : all p-values . 0.15, n ¼ 5-26).
Finally, we found a larger fraction of seedlings distributed across different microhabitats, including open interspaces and below other shrub species, in lizard-dispersed populations than in mammal-dispersed populations (table 2); in the latter, the largest fraction of seedlings was found in open spaces under pine trees.
DISCUSSION
Our results show that the regeneration of C. tricoccon is much higher on islands in the presence of lizards as compared with islands where alien carnivorous mammals are the only dispersers. Thus, lizards appear to be important mutualistic agents for this plant, and their loss appears to have affected seedling, sapling and juvenile establishment. Moreover, island populations show higher plant regeneration than the mainland ones; the lack of feasible information on mainland frugivores, however, leaves open the question of how important seed dispersal limitation is relative to other factors behind such islandmainland differences. The saplings : adults and juveniles : adults ratios are similar between islands and the mainland, indicating that seedling recruitment on the latter actually occurs, although it is possibly a rather stochastic event. A low recruitment, with seedlings being restricted to the canopy of parent plants, has been previously reported from three populations of C. tricoccon in the southeastern Iberian Peninsula [31] , and in some populations, like Cap Norfeu (northeastern Spain), we recorded up to 70 per cent of seedlings beneath adults. Seedling herbivory has never been observed, which is attributed to the high level of secondary compounds in the leaves of this species [22] . Lizards are known to act as effective dispersers of other plant species, in the Balearics and elsewhere, moving seeds to sites where seedlings may have a greater probability of becoming adults, and thus playing a fundamental role in their regeneration [7, 32, 33] . Our results with C. tricoccon actually showed that seedlings were more distributed across different microhabitats in lizard-dispersed populations than in mammal-dispersed populations. In the latter, pine martens are mainly responsible for the dispersal, while genets defecate mostly in latrines within caves [7, 22] . In a previous study, we found that pine martens remove a much lower proportion of C. tricoccon fruits from the plants than lizards [23] , and thus, in quantitative terms, they are less effective than lizards; however, their qualitative importance as seed dispersers remains unknown. What is known is that these alien mammals are moving seeds to habitats (pine woodlands) where Podarcis lizards are rarely present as they are mostly restricted to shrubland habitats. Therefore, even though alien dispersers might replace native ones to some extent, as found in other systems [34] , the seed dispersal patterns of C. tricoccon appear to have changed with these novel interactions.
Our study further suggests that the Balearic Islands might act as a refuge for this Tertiary relict because of the prevalent plant -lizard mutualistic interaction. The fossil seeds of C. tricoccon found in palaeontological deposits from the Pliocene [35] in the sites of Menorca (with extinct lizards) where the plant is no longer present offers clear evidence of the more widespread distribution that this species had in the past. We attribute the shrinking of C. tricoccon in Menorca to the disappearance of P. lilfordi, as it seems to have happened with at least one other plant species, the endemic and threatened shrub Daphne rodriguezii [6, 7] .
Given that saurochory is a common phenomenon on islands, it is likely that our results can be extended to other archipelagos where frugivorous lizards (or other reptiles) have been extinct or are currently threatened [17] . The high vulnerability of island biotas is usually associated with their small size and isolation, higher rates of human-driven habitat loss, and higher sensitivity to biological invasions and climate change [36] . Evidence is growing that focusing only on species conservation is not enough, and that in order to preserve and restore biodiversity, we need to maintain and re-establish the integrity of interactions (such as saurochory) between species [37] . More work is needed across different species and ecosystems to better understand the overall cost of mutualistic disruptions, but the evidence so far indicates that this is quite high. 
